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anisms that regulate the cytoskeletal±membrane adhe-
sion energy, one can gain insights into cell functions
such as formation of membrane processes, cell move-Summary
ment, signaling, and endocytosis.
How is the membrane±cytoskeletal adhesion energyBinding interactions between the plasma membrane
regulated? Plasma membrane phosphatidylinositol 4,5-and the cytoskeleton define cell functions such as cell
bisphosphate (PIP2) is an interesting candidate for suchshape, formation of cell processes, cell movement,
a master regulator since it can directly bind to manyand endocytosis. Here we use optical tweezers tether
cytoskeletal proteins and since it also serves as a pre-force measurements and show that plasma membrane
cursor for the second messengers PIP3, calcium, andphosphatidylinositol 4,5-bisphosphate (PIP2) acts as a
diacylglycerol, which may act in parallel with PIP2 insecond messenger that regulates the adhesion energy
regulating cytoskeletal structure. Here we investigatebetween the cytoskeleton and the plasma membrane.
the link between PIP2 and cytoskeletal±membrane ad-Receptor stimuli that hydrolyze PIP2 lowered adhesion
hesion energy by manipulating plasma membrane PIP2energy, a process that could be mimicked by express-
concentrations and by measuring adhesion energy us-ing PH domains that sequester PIP2 or by targeting
ing tether force measurements with optical tweezers.a 59-PIP2-phosphatase to the plasma membrane to
selectively lower plasma membrane PIP2 concentra-
Results and Discussiontion. Our study suggests that plasma membrane PIP2
controls dynamic membrane functions and cell shape
Expression of a PIP2-Specific PH Domain Decreasesby locally increasing and decreasing the adhesion be-
Cytoskeletal±Plasma Membrane Adhesiontween the actin-based cortical cytoskeleton and the
The PIP2 dependence of the interactions between theplasma membrane.
plasma membrane and the cytoskeleton (Janmey, 1995;
Kandzari et al., 1996; Ren and Schwartz, 1998) was in-Introduction
vestigated by pulling membrane tethers using optical
tweezers (Dai and Sheetz, 1995; Raucher and Sheetz,The plasma membrane (PM) of cells conforms to the
1999). One micrometer±diameter polystyrene beadsshape of the cortical cytoskeleton, suggesting that sig-
coated with IgG were used to pull a thin membranenificant adhesive interactions exist between the plasma
tether from NIH-3T3 fibroblasts (Figure 1A) (Kuo andmembrane and the cytoskeleton. The regulation of this
Sheetz, 1993). At a constant length, the force on thecytoskeleton-membrane adhesion energy is of funda-
bead was measured by its displacement from the centermental importance not only for the overall cell shape
of the laser trap (Figures 1B and 1C). This tether forcebut also in the regulation of a variety of cell functions.
(F) is a measure of the apparent membrane tension orParticularly, cytoskeletal±membrane interactions drive
the energy required to move membrane from the plasmathe formation and retraction of filopodia, lamellipodia,
membrane into the tether. In a first approximation, it isneurites, and other membrane processes in response
proportional to the square root of the cytoskeleton±to chemoattractants and other stimuli. Cytoskeletal±
plasma membrane adhesion energy (g) (see Experimen-membrane interactions are also thought to regulate the
tal Procedures). This simple relationship between tetherrates of exocytosis and endocytosis and to control sig-
force and adhesion energy is based on the findings thatnaling processes.
tethers lack cytoskeletal support (Berk and Hochmuth,While extracellular membrane adhesion to substrates
1992; Waugh and Bauserman, 1995). We further testedhas been intensely studied and is well understood, less
for the presence of F-actin in tethers by comparing teth-is known about the molecular mechanisms that regulate
ers costained with the membrane marker FM1-43 (Figureintracellular adhesion between the cytoskeletal and
1D, left) and with rhodamine phalloidin (Figure 1D, right).plasma membrane. The overall interaction appears to
No F-actin staining could be observed. Tethers alsobe complex since many cytoskeletal proteins have been
retracted rapidly when the trap was turned off (,100identified that bind to integral membrane proteins as
ms; data not shown), suggesting that these tethers havewell as to membrane phospholipids. Nevertheless, the
the same viscous properties as tethers pulled from lipid
vesicles without cytoskeleton (Waugh and Bauserman,³ To whom correspondence should be addressed at the following
1995). In resting fibroblasts, the measured tether forcepresent address: Department of Molecular Pharmacology, Stanford
of 7 pN corresponds to a cytoskeleton-to-plasma mem-University School of Medicine, Stanford, California 94305 (e-mail:
t.meyer@cellbio.duke.edu). brane adhesion energy of approximately 9.1 10218 J/mm2
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Figure 1. Tether Force Measurements of the Adhesion Energy between the Plasma Membrane and the Cortical Cytoskeleton
(A) DIC image of a tether force measurement using optical tweezers.
(B) Schematic view of the optical tweezers force measurement that defines the local adhesion energy term.
(C) Typical displacement trace, showing how far the center of the bead has been moved away from the center of the optical tweezers.
(D) The absence of F-actin in membrane tethers. A membrane marker FM1-43 staining of plasma membrane (left panel) and rhodamine
phalloidin staining of F-actin (right panel).
(E) The measured adhesion energy is independent of the mechanism of bead attachment.
(see Experimental Procedures). This measured adhe- GFP-PH(Akt) domain, which binds PI(3,4)P2, had no ef-
fect (Franke et al., 1997; Isakoff et al., 1998). Since PHsion energy was not dependent on whether beads were
coated with either IgG, IgM, or ConA (Figure 1E). Simi- domain expression may change levels of PIP2, this may
consequently alter baseline calcium or DAG concentra-larly, fibroblasts plated on glass, laminin, or polylysine
had the same plasma membrane to cytoskeleton adhe- tions. Therefore, we tested the effect of calcium and
DAG on adhesion energy. Addition of phorbolester, diac-sion energy (data not shown).
We investigated the cellular roles of PIP2 by express- ylglycerol (DiC8), thapsigargin, and a combination of
phorbolester and thapsigargin showed only a small re-ing pleckstrin homology (PH) domains that specifically
sequester PIP2 (Stauffer et al., 1998). From several PIP2- duction in adhesion energy. This suggests that the
marked reduction in adhesion energy by PH(PLCd) doesbinding PH domains that we tested (PH domains from
PLCg, PLCd, and pleckstrin; data not shown), the green not result from a change in the baseline DAG or calcium
concentration (Figure 2C) but rather from a reduction offluorescent protein (GFP)±tagged PH domain from phos-
pholipase C d (PLCd) showed the highest ratio of plasma available PIP2.
membrane to cytosolic localized GFP-PH (Figure 2A).
This suggests that the PH domain from PLCd has a high Expression of Plasma Membrane Targeted 59-Specific
PIP2 Phosphatase Decreases Adhesion Energyin vivo binding affinity for plasma membrane PIP2. As ex-
pected, a control construct with Lys30Asn and Lys32Asn While the experiments with the expressed PH domain
show that sequestration of plasma membrane PIP2 lip-mutations (GFP-PH*) that prevented PIP2-binding in
vitro showed no plasma membrane localization (Fig- ids by GFP-PH(PLCd) lowers adhesion energy, we tested
the connection between PIP2 concentration and adhe-ure 2B).
Expression of the PIP2-sequestering GFP-PH(PLCd) sion energy more directly by using an enzymatic ap-
proach. Our strategy was to target a PIP2-specific 59-phos-construct dramatically reduced the adhesion energy
(Figure 2C). In control measurements, the adhesion en- phatase to the plasma membrane to selectively reduce
plasma membrane PIP2 concentration but not other in-ergy was the same in cells expressing GFP or GFP-
PH*(PLCd). Furthermore, the reduction in adhesion en- tracellular pools of PIP2 or other plasma membrane phos-
phatidylinositol phosphates (Figure 3A). We achievedergy was specific for PI(4,5)P2 over PI(3,4)P2, since a
Second Messenger Function of PIP2
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Figure 2. Expression of PH Domains that Selectively Bind PI(4,5)P2 Markedly Reduces Cytoskeletal±Plasma Membrane Adhesion Energy
(A) Schematic representation of the GFP±PH domain construct from PLCd, GFP-PH(PLCd), and its plasma membrane localization in NIH-3T3
cells.
(B) Cytosolic expression of a mutant control construct, GFP-PH*(PLCd), which is deficient in PIP2 binding.
(C) Bar diagram of the adhesion energy in untransfected cells, in cells transfected with a mutant GFP-PH*(PLCd) control construct, with GFP-
PH(PLCd), and with a GFP-tagged PH domain from Akt that binds PI(3,4)P2. As an additional control, the changes in adhesion energy after a
10 min incubation with the PKC activators phorbolester (PMA, 100 nM) and DiC8 (10 mg/ml) are shown. Addition of thapsigargin (increases
cytosolic calcium by blocking calcium store calcium pumps; 0.3 mM) and thapsigargin plus PMA (0.3 mM and 1 mM, respectively) also showed
only a small effect on adhesion energy.
this goal by fusing a myristoylation/palmitoylation se- recombinant Inp54p under conditions tested thus far,
did not show hydrolytic activity toward I(1,4,5)P3 orquence as well as a GFP tag to Inp54p, a specific 59-
phosphatase (Stolz et al., 1998). The plasma membrane± Ins(1,3,4,5)P4 (S. G. and J. D. Y., unpublished data). Thus,
our data indicate that Inp54p is selective for 59 phos-localized expression of this construct is shown in Figure
3B (PM-59-phosphatase-GFP). The INP54 gene product phates of lipid substrates and does not utilize soluble
inositol polyphosphates involved in Ca21 signaling re-from the yeast Saccharomyces cerevisiae was selected
primarily because its domain structure is compact and sponses.
We then tested whether the PM-59-phosphatase-GFPappears to contain only a catalytic domain without po-
tential regulatory modules present in other mammalian construct hydrolyzes PI(4,5)P2 in mammalian cells by
steady-state labeling of 3H-inositol lipids in COS cells,59-phosphatase family members (S. G. et al., unpub-
lished data). Thus, we postulated it would likely function which can be transfected with high efficiency. A striking
decrease in extracted PI(4,5)P2 lipid (60% reduction) wasas a constitutively active 59-phosphatase. In order to
determine the substrate selectivity of Inp54p, recombi- observed in cells expressing PM-59-phosphatase-GFP,
while the level of PI(3)P was not changed and the levelnant protein was produced in bacteria and used to ana-
lyze radiolabeled inositol lipid substrates including 3H- of PI(4)P was only slightly elevated (Figure 3D). The only
small elevation of PI(4)P suggests that its concentrationPI, -PI(3)P, -PI(4)P, -PI(3,5)P2, and -PI(4,5)P2, as well as
several D-5 phosphorylated inositol polyphosphates. is tightly regulated by a PI(4)P hydrolyzing phosphatase.
When the same construct was expressed in NIH-3T3Mixed bilayer or micellar (inclusion of triton) lipid sub-
strates were incubated with recombinant Inp54p for 30 fibroblasts, adhesion energy was markedly reduced
(Figure 3E). As a control, a GFP with a conjugated myris-min, after which reactants were deacylated and the re-
sulting glycerol phosphoinositols (groPIs) were analyzed toylation/palmitoylation sequence did not affect adhe-
sion energy (Figure 3E). Together with the reduced adhe-by HPLC. Comparison of control (top panel) versus en-
zyme-treated groPIs from micellar substrate reactions sion energy in cells expressing the PIP2 sequestering
PH domain, this finding strongly supports the hypothe-shows a depletion of PI(4,5)P2 and a corresponding in-
crease in the PI(4)P product (Figure 3C). Additionally, sis that PIP2 concentration regulates adhesion energy.
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Figure 3. Expression of a Plasma Membrane±Targeted PIP2-Specific 59-Phosphatase Reduces the Membrane±Cytoskeletal Adhesion Energy
(A) Rational design of a 59-selective phosphatase fusion protein that is targeted to the plasma membrane in order to reduce the plasma
membrane concentration of PIP2.
(B) Plasma membrane localization of the mirystoylated/palmitoylated GFP-59-phosphatase in NIH-3T3 cells.
(C) PtdIns(4,5)P2 selectivity of 59-phosphatase. HPLC radio traces of separated groPIs from control (upper panel) or enzyme (lower panel)
treated lipids show more than 3-fold decrease in PI(4,5)P2, and a corresponding increase in PI(4)P.
(D) Reduction in PIP2 concentration in COS cells transfected with PM-59-phosphatase-GFP. PI lipids in COS cells were radiolabeled with
3H-inositol and lipids were extracted from control cells and cells expressing PM-59-phosphatase-GFP. Upper panel, HPLC radio traces of
lipids from control cells. Lower panel, HPLC radio traces of lipids from PM-59-phosphatase-GFP expressing cells.
(E) Expression of PM-59-phosphatase-GFP induces a marked reduction in adhesion energy while a GFP targeted to the plasma membrane
by the same myristoylation/palmitoylation sequence had no effect on adhesion energy.
The expression of the two constructs not only affected Regulation of Cytoskeletal-Plasma Membrane
Adhesion Energy by PIP2 Is Likely Mediatedadhesion energy but also cell shape. After a period of
5±24 hr required for expression, many of the cells trans- by Actin Polymerization/Depolymerization
How does PIP2 regulate adhesion energy? It is usefulfected with the GFP-PH(PLCd) or PM-59-phosphatase-
GFP gained a more rounded appearance, lost their sub- to first estimate the number of dynamic binding interac-
tions needed to generate the measured adhesion en-strate attachment, and often formed membrane blebs
(Figure 4A). The measured tether force in both types of ergy. The calculated adhesion energy density g of
fibroblasts is relatively small (z9.1 10218 J/mm2), corre-blebs was small (Figure 4B), consistent with the pre-
viously observed absence of cytoskeletal structures in sponding to only a few hundred binding interactions
per mm2. This estimate assumes relatively weak andmembrane blebs (Keller and Eggli, 1998; Dai and Sheetz,
1999). reversible individual binding affinities of z1 mM with an
Second Messenger Function of PIP2
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Figure 4. Cell Rounding and Bleb Formation in Cells Expressing
GFP-PH(PLCd) and GFP-59-Phosphatase
(A) Expression of GFP-PH(PLCd) often led to a rounding of cells and
induced membrane blebs within 5±20 hr of transfection.
(B) Bar diagram of adhesion energies measured in untransfected
cells and in blebs of cells transfected with either GFP-PH(PLCd) or
GFP-59-phosphatase.
average binding energy of z5 ´ 10220 J per interaction.
Since PIP2 lipids have many structural and anchoring
functions, it is not surprising that the number of PIP2
lipids in the inner leaflet of the plasma membrane is
higher than the number of dynamic binding interactions
required to generate adhesion energy. Indeed, if PIP2
is present in a concentration range of 0.1% to 5% of
inner plasma membrane bilayer lipids (Kleinig, 1970;
Tran et al., 1993), this would correspond to several thou-
Figure 5. Role of Actin in the Regulation of the Membrane±sand PIP2 lipids per mm2. At least in principle, such a
Cytoskeletal Adhesion Energyhigher number of PIP2 molecules compared to the num-
(A) Expression of PM-59-phosphatase-GFP disrupts polymerized ac-ber of dynamic cytoskeletal binding interactions would
tin in NIH-3T3 cells. Left, fluorescence image of PM-59-phosphatasebe consistent with the hypothesis that the PIP2 concen-
GFP. Right, fluorescence image of rhodamine-labeled phalloidin.tration regulates adhesion energy directly by reducing
(B) Same experiment as in (A) except that GFP-PH(PLCd) was ex-
or adding local binding interactions between the cy- pressed instead of the PM-59-phosphatase-GFP.
toskeleton and the plasma membrane. (C) Control measurements with a plasma membrane±targeted GFP.
However, PIP2 lipids could also regulate adhesion The plasma membrane staining in (B) and (C) is less apparent than
in (A) because flatter fibroblasts are shown.energy indirectly by regulating signaling cascades that
(D) The actin-polymerizing drug jasplakinolide markedly increasesalter the cortical cytoskeleton structure. For example
adhesion energy while cytochalasin D, which reduces polymerizedgelsolin, which is regulated by PIP2 and calcium, can
actin, reduces adhesion energy. Jasplakinolide also partially revertsremodel actin cytoskeleton in response to agonist stim-
the PH domain±induced drop in adhesion energy.
ulation (Janmey and Stossel, 1989; Lin et al., 1997). Other
PIP2-dependent actin regulators included cofilin, which
panels). Control cells that expressed a GFP targeted todepolymerizes actin in the absence of PIP2 (Yonezawa
the plasma membrane by a myristoylation/palmitoyla-et al., 1990). Consistent with an important role for PIP2
tion sequence had intact polymerized actin as can bein such a signaling pathway, the expression of GFP-59-
seen from the intact stress fibers (Figures 5C). Ourphosphatase (Figure 5A, left panel) and of GFP-
findings are consistent earlier studies which showedPH(PLCd) (Figure 5B, left panel) led to a cell-wide reduc-
tion in polymerized F-actin (Figures 5A and 5B, right that expressed nontargeted phosphatases or full-length
Cell
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Figure 6. Receptor-Mediated Lowering of
Membrane Adhesion Energy
(A) Different receptor stimuli induce a marked
reduction in the apparent adhesion energy.
Average changes in the adhesion energy in
response to 40 ng/ml PDGF, 100 ng/ml PAF
and 100 ng/ml EGF activation were measured
10±15 min after receptor stimulation.
(B) Receptor-mediated lowering in adhesion
energy is likely mediated by activation of PLC.
One micromolar U73122, a PLC inhibitor, re-
verted the receptor-induced reduction in ad-
hesion energy.
PIP2-binding proteins can disrupt the actin cytoskeleton inhibitor of PLC (Figure 6B), suggesting that PLC can
be an important player in the control of PIP2 concentra-(Gilmore and Burridge, 1996; Shibasaki et al., 1997).
tion and adhesion energy.The important role of actin polymerization and depo-
lymerization in controlling adhesion energy was further
Anchoring and Signaling Roles of PIP2 in Controllingsupported by the finding that the actin polymerization
Cytoskeletal±Membrane Adhesion Energydrug, jasplakinolide (Bubb et al., 1994; Holzinger and
Together, these measurements lead to a model in whichMeindl, 1997; Lee et al., 1998) increased the adhesion
the local adhesion energy is regulated by the local con-energy and partially reverted the PH domain±mediated
centration of PIP2 (Figure 7). Receptor stimuli can eitherdecrease in adhesion energy (Figure 5D). Furthermore,
increase or decrease local PIP2 concentrations by acti-cytochalasin D, which reduces polymerized actin, also
vating PI(4)P 59-kinase or by activating PLC, PI3-kinasereduced adhesion energy. Thus, a main intermediate
and 59-phosphatases, respectively. Local changes inbetween changes in PIP2 concentration and adhesion
PIP2 concentration can regulate cortical plasma mem-energy is likely an increase and decrease in F-actin cy-
brane-cytoskeletal structure by directly altering interac-toskeletal structures. Together, these measurements sug-
tions between PIP2 and cytoskeletal anchoring proteinsgest that PIP2 regulates the local adhesion between cy-
and/or by regulation of actin polymerization via gelsolin,toskeleton and plasma membrane by regulating F-actin
cofilin and other enzymes that increase or decreasepolymerization.
actin polymerization. In turn, the polymerization state of
cortical actin and the number of binding interactionsRegulation of Cytoskeletal±Plasma Membrane
between PIP2 and cytoskeletal proteins define the localAdhesion Energy by Signaling Processes
adhesion energy. When the local PIP2 concentration andthat Regulate PIP2 Concentration
adhesion energy become small, the swelling pressureCan signal transduction processes directly mediate
within the cell can separate lipid membrane from cy-changes in adhesion energy? We explored the role of
toskeleton and lead to the formation of membrane blebs.receptor-triggered signal transduction in regulating ad-
This model suggests that changes in cell shape, forma-hesion energy by using stimuli that hydrolyze PIP2 by
tion of cell protrusions, endocytosis, cell migration, andactivating PLCb (platelet-activating factor [PAF] recep-
other processes can be triggered by increasing and de-tor activation) or stimuli that activate PLCg (epidermal
creasing the local adhesion energy by receptor-con-growth factor [EGF] and platelet-derived activating fac-
trolled changes in local PIP2 concentration.tor [PDGF] receptors). Figure 6A shows that PAF recep-
tor stimulation of NIH-3T3 cells markedly reduced adhe-
Experimental Proceduression energy. Furthermore, adhesion energy was reduced
by activation of either EGF or PDGF receptors. This Cell Culture, Transfection, and Microscopy
reduction could be blocked by U73122 (Yule and Wil- NIH-3T3 cells (a mouse fibroblast line) were grown in Dulbecco's
modified Eagle medium (DMEM; GIBCO, Grand Island, NY) supple-liams, 1992; Jin et al., 1994; Mogami et al., 1997), an
Figure 7. Model for the Role of PIP2 and Adhesion Energy for Different Cell Functions
Different signal transduction processes control plasma membrane PIP2 concentration that in turn regulates the cortical actin cytoskeletal
structure and the local adhesion energy. In turn, local adhesion energy controls cell shape, endocytosis, endocytosis, cell movement as well
as the formation of cell processes.
Second Messenger Function of PIP2
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mented with 10% fetal bovine serum (GIBCO), 100 units/ml penicillin estimated by measuring a tether diameter of z0.34 mm and a force of
2.5 pN in blebs of NIH-3T3 fibroblasts using a relationship previouslyand 100 mg/ml streptomycin, and 7.5 mM HEPES at 378C in 5%
CO2. Cells were removed from tissue culture flasks by brief treatment derived (Waugh and Hochmuth, 1987):
(6) B 5 F ´ R/[2p].with trypsin-EDTA (GIBCO), and plated onto glass coverslips. Pro-
teins were expressed in NIH-3T3 cells, visualized by confocal laser Fibroblasts with blebs were used for these studies, since the
diameters of tethers pulled from blebs were large enough to bescanning microscopy (LSM 410, Zeiss, Inc., Thornwood, NY) or by a
video-enhanced differential interference contrast (DIC) microscope measured by light microscopy.
equipped with laser optical tweezers (Choquet et al., 1997).
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